In the' 'intervening fifty-four years many efforts have been
made to identify the mechanism by which reactants are converted to products. These studies have been motivated in large measure by the desire to understand how catalyst composition and reaction conditions govern the distribution of products formed. A brief review of the mechan1stic hypotheses developed prior to 1970 will be presented'here to serve as background for a discussion of more recent ideas. Details concerning the earlier studies can be found in a number of reviews (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) published previously.
The earliest ideas concerning CO hydrogenation were proposed by Fischer and Tropsch in 1926 (2) . Th~y hypothesized that CO reacts with the metal of the catalyst to form a bulk carbide, which subsequently undergoes hydrogenation to form methylene groups. These species were assumed to polymerize to form hydrocarbon chains that then desorb from thesurfac'e' a~ saturated and unsaturated hydrocarbons. A more detailed statement of what came to be kriown as the carbide theory was later proposed by Craxf~rd and Rideal (16) (17) (18) . " These authors suggested that only surface carbides need be considered and that the methylene groups, formed by hydrogenation of the carbide react to produce adsorbed macromolecules. The formation of low molecular weight olefins and paraffins was assumed to occur via the hydrocracking of these macromolecules.
1.
Both versions of the carbide theory were subjected to criticism during the late nineteen forties by Emmett et al. (19) (20) (21) . Based on the 14 results of thermodynamic, C tracer, and synthesis studies performed
. .
with iron and cobalt catalysts, it was concluded that bulk phase carbide participates in the synthesis to a negligible extent. It was also noted that hydrogenation ~f surface carbides, formed by precarbiding a catalyst with CO, could account for only a small fraction (lO-20%) of the hydrocarbons formed during steady state synthesis. Allowance was made, however, for the possibility that chem1sorbed carbon atoms might still be considered as intermediates.
Several alternatives were proposed to replace the early carbide theories. Eidus (22) suggested that molecularly adsorbed CO was hydrogenated to form a hydroxycarbene or enol, M=CH(OH), which then underwent further hydrogenation to produce a methylene group. The growth of hydrocarbon chains was envisioned to occur by polymerization of these latter species. The formation of enol intermediates was also proposed by Storch et al. (3) but it was suggested that chain growth takes place by the condensati~n of enol.groups with the concurrent elimination of water. Yet another mechanism for chain growth was proposed by Pichler and Buffleb (23) and later by Sternberg and Wender (24) . In this instance, molecular CO was postulated to insert into the metal~carbon bond of 'an adsorbed alkyl species. Hydrogenation of the Tesulting acyl group was assumed to produce water and a new alkyl group containing an additional methylene unit. Pichler et al. (9 ) proposed that the chain is initiated by methyl groups formed by stepwise hydrogenation of molecularly adsorbed co. Ponec (13) , on the other hand, suggested that the methyl groups might be formed by hydrogenation of surface carbon atoms, created by the dissociation of CO.
2.
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The renewed interest in Fischer-Tropsch synthesis experienced during the past decade has motivated a careful reexamination of the previously proposed mechanisms and brought forward a number of new results.
The most significant outcome of these recent investigations has been the suggestion that nonoxygenated, rather than oxygenated, intermediates play a dominant role in the synthesis of hydrocarbons from CO and H 2 • Moreover, results obtained from the fields of surface science, organometallic chemistry,'and catalysis strongly support the hypothesis that hydrocarbon synthesis is initiated by the dissociation of CO and that the carbon atoms thus· produced are hydrogenated t.O form adsorbed methylene and methyl groups.
The latter species may be considered 'as precursors to methane as well as centers for hydrocarbon chain g~owth; a process which is postulated to begin by the insertion of a methylene group into the metal-carbon bond of a methyl group. The function of this review will be to summarize the evidence leading to this view of Fischer-Tropsch synthesis and to illustrate its implications for the synthesis of hydrocarbons. In addition, brief discussions will be presented concerning the participation of olefins in secondary reactions, which serve to alter the final distribution of products, and the relationship of the mechanism 'of hydrocarbon synthesis to that for the synthesis of oxygenated products.
ASSOCIATIVE AND DISSOCIATIVE CHEMiSORPTION OF CARBON MONOXIDE
Extensive evidence from UPS and IR studies indicates that with few exceptions CO is bonded perpendicularly to the surface of transition metals, through ;the carbon end of the molecule (25-3l (35, 36) . Since the 50 orbital in gaseous co is essentially non-bonding with respect to the C-O bond (36, 37) , the donation of electrons from this orbital is not expected to affect strongly the strength of the c-o bond in chemisorbed CO. The 2~* orbita1~on the other han~are anti-bonding (37) with respect to the C-O bond and backdonation into these orbitals leads to a weakening of the bond. Thus, the net effect of donation and backdonation is the formation of a M-C bond and the concurrent weakening of the C-O bond.
Dissociative chemisorption of co is also known to occur on the surface of many transition metals and most likely proceeds yia the molecularly adsorbed state. Figure 1 can be demonstrated that a decrease in the CO vibrational frequency coincides with a decrease in the bond order (38, 39) • While metals to the right of the dividing line in Fig. 1 will , adsorb CO associatively at room temperature, dissociative adsorption can occur at higher temperatures. The energetics involved in converting from the associative to the dissociative state are illustrated in Fig. 2 for the cases of Ni and Ru (40) . It is apparent that while the heats of adsorption for molecularly adsorbed CO on Ni and Ru are comparable, the sum of the binding energies for adsorbed carbon and oxygen atoms are not.
As a consequence of this fact, the dissociatiort of associatively adsorbed CO is exothermic on Ni and endothermic on Ru.
The structure of the transition state for CO dissociation is not known but may be assumed to involve simultaneous interactions of both the carbon and oxygen portions of the molecule with two or more sites on the catalyst. A possible prototype for such bonding is found in the (57, 58) .
The sterochemistry and reactivity of carbon atoms and CH (x=l-3) species x associated with cluster -complexes have been investigated in a few cases (56) . Since these structures can be viewed as models for the surface of a transition metal, a brief sUJIDDary of selected results will be presented. In studies conducted by Ekerdt and Bell (66) it was shown that under reaction conditions the surface of a ruthenium catalyst is largely covered by CO and maintains a carbon reservoir of up to several monolayers of the metal. Passage of hydrogen over the catalyst following steadystate rea~tion rapidly eliminated the chemisorbed CO and led to hydrogenation of the stored carbon. Ethane and propane were formed in addition to methane. The rates of formation of these products initially were faster than those observed during steady-state reaction, and the production of hydrocarbons continued long after all of the chemisorbed CO had disappeared from the catalyst surface. Based on these observations it was concluded that molecularly adsorbed CO is not involved in the chain growth process.
9.
10.
The role of surface carbon produced over iron catalysts has been investigated by Bennett et ale (67,6S The fact that surface carbon, produced via CO disproportionation or steady-state hydrogenation, will readily react with hydrogen to produce C 2 + hydrocarbons strongly suggests that carbon-carbon bonds are formed through the reactions of either surface carbon atoms or CH species. x The first of these possibilities seems unlikely since it has been observed'that surface carbon once deposited will gradually transform into a less reactive form (e.g., graphitic) if allowed to age in an inert environment (.51, 52, 54) •. This leads to the proposition that hydrocarbon chain growth proceeds through the polymerization of partially hydrogenated carbon species.
The insertion of methylene segments into the metal-carbon bond of adsorbed alkyl species provides a simple but yet plausible mechanism • 11.
for chain growth and has been proposed by Biloen et ale (15, 55 12.
The formation of this product was explained by proposing that a CD 2 group inserts into the M-CH 3 bond and that the metal then abstracts a a-hydrogen atom from the resulting alkyl species. The'insertion of methylene groups into metal-carbon bonds has also been observed in the work of Young and
Whitesides (76) with p1atinocycloalkanes.
Further evidence for the role of methylene groups in the chain growth process has recently been presented by Brady and Petit (77) . 
I'
performed with an Fe (Ill) surface. Their studies showed that, the addition of ethylene or propylene significantly increased the formation of higher molecular weight products. In the ca$e of ethylene the total amount ofCl-C S products formed was found to be approximately equal to the conversion of ethylene to hydrocarbons, leading to the conclusion that 15.
ethylene incorporates into the growing hydrocarbon chain. The incorporation of olefins during hydrocarbon ,synthesis over metals other than iron and cobalt has not been investigated in detail but some evidence for this reaction has been observed over ruthenium (8S).
The otefins present in the synthesis products may also undergo isomerization and hydrogenation. At high space velocities and low reaction temperatures a-olefins have been observed as the principal products over iron and ruthenium catalysts (8S,8 6). With increasing temperature and decreasing space velocity, the a-olefins undergo hydrogenation to form alkanes and isomerization to form B-olefins.
The proportion of branched olefins and alkanes formed also depends on the space velocity, leading to the conclusion that these products result from secondary reactions.
DETECTION OF REACTION INTERMEDIATES
A number of attempts have been made to identify the intermediates involved in hydrocarbon synthesis by means of in situ infrared spectroscopy.
--In a study carried out with a silica-supported iron catalyst Blyholder and'
Neff (81) reported that CB and OB bands observed when the catalyst was heated in a stagnant mixture of CO and B2 could be ascribed to M=C(OH)R and M~~H2R species. The evidence for the enolic species is not very strong and has recently been questioned by King (88) . Working with a silicasupported iron catalyst, the only spectral features he observed were those for structures containing CB 2 and CH l groups.
Studies conducted with silica and alumina-supported ruthenium catalysts have also failed to provide clear evidence for reaction intermediates. Dalla Betta and Shelef (89) were able ·to detect hydrocarbon and formate species on the surface of an alumina-supported catalyst.
However, isotopic substitution experiments, in which H2 was replaced by D2 in the reactant feed stream, led to the conclusion that the observed structures were inactive reaction products apparently adsorbed on the alumina support. Similar conclusions were drawn by Ekerdt and Bell (66) from studies conducted with a silica-supported ruthenium catalyst. In this instance, only hydrocarbon species were observed. While these structures did not undergo elimination or deuterium substitution under 16.
reaction conditions, they could be removed from the catalyst by reduction with H2 in the absence of co. Based on these observations it was concluded that the observed species are attached to the surface of ruthenium but are inactive in the formation of light hydrocarbon products.
Studies conducted by King (88) have also confirmed this conclusion.
However, King has suggested that the hydrocarbon species observed by infrared spectroscopy may be associated with·the formation of high 
17.
A chemical technique for detecting surface intermediates has recently been investigated by Bell et ale (92, 93) . The principal of the approach, referred to as reactive scavenging of surface intermediates, is illustrated in Fig. 5 and is based on reports that both alkylidene (94) (95) (96) and alkyl ligands (91) can be eliminated from metal complexes by reaction . t
witholefins. In practice a small amount « 2%) of ethylene or cyclohexene is added to the synthesis gas feed. The reaction products are then collected and analyzed by gas chromatography/mass spectrometry.
Ekerdt and Bell (9~ observed that the addition of ethylene to the feed during synthesis over a silica-supported ruthenium catalyst enhanced the formation of propylene. When cyclohexene was added to the feed, methyland ethylcyclohexene and ethyl-, propyl-, and butylcyclohexane were detected. Significantly, the addition of cyclohexene produced only small changes in the distribution of products obtained from CO hydrogenation.
Subsequent studies with cyclohexene addition conducted by Baker and Bell (93) have shown that norcarane can be formed in addition to the alkyl derivatives of cyclohexane and cyclohexene and that the concentrations of these products are sensitive to the conditions under which synthesis is carried out, as is illustrated in Table II. The appearance of propylene when ethylene is used as the scavenging agent and norcarane when cyclohexene is used provide very strong evidence for the presence of methylene groups on the surface of the ruthenium catalyst. The detect.ion of alkyl cyclohexenes and alkyl cyclohexanes can be explained by the reaction of cyclohexene with either alkyl or alkylidene species (92) . Moreover, the fact that the yield of scavenged products depends on the synthesis conditions supports the contention that the olefin additives react with intermediates involved in the synthesis of hydrocarbons. Further evidence supporting this conclusion has been reported recently by Tamaru (90) . ,In these studies a small amount of 13 ethylene was added to a mixture of CO and H2 passed over a silica- 
PROPORSALS FOR A REACTION MECHANISM AND DISCUSSION OF ITS IMPLICATIONS
The discussion presented in the preceding sections suggest that the synthesis of hydrocarbons from CO and H2 can be described by the reaction network shown in Fig. 10 . In the first steps of this mechanism CO chemisorbs molecularly and then dissociates to produce atoms of carbon methanol. The insertion of a CO molecule into a metal-alkyl bond and subsequent addition of hydrogen could provide pathways for. the formation of aldehydes and higher alcohols. While the chemistry shown in Fig. 11 is plausible and consistent, at least in part with reactions known to occur with transition metal complexes (56, 101) , its substantiation with respect to Fischer-Tropsch synthesis has not been explored in much detail.
In a series of recent studies, Kellner and Bell (102) have examined the implication of the mechanism outlined in Fig. 10 for the kinetics of hydrocarbon synthesis over ruthenium. To obtain tractable rate expressions, a number of simplifying assumptions were introduced. The first is taht under reaction conditions the catalyst surface is nearly saturated by chemisorbed 00. This assumption is supported by in situ infrared observations carried out at both low and high·pressure (66, 88, 89) . The second assumption is that water is the primary product through which oxygen is removed from the catalyst surface and that the formation of water takes place via an Eley-Rideal mechanism. While experimental evidence (3, 66, 102) confirms the formation of water as the primary oxygen containing species, the mechanism of its formation has not been established. The third assumption is that all of the steps shown to be reversible are, in fact, at equilibrium. The fourth, and final, assumption is that the probability of chain propagation is independent of chain length. "
Two limiting forms can be derived for the kinetics of methane synthesis, depending on whether methane or higher molecular weight hydrocarbons predominate among the products formed. In the first case, the rate of methane formation is given by 
The dependence of NC on the partial pressures of H2 and CO exhibited in 
22.
The origin of the isotope effect and its magnitude can be explained on the basis of the mechanism of methane formation proposed in Fig. 6 .
The fact that some of the elementary processes are at equilibrium while others are not means that the overall isotope effect will consist of a combination of equilibrium and kinetic isotope effects. This conclusion.
is further indicated by the structure of the effective rate coefficient, k e , given by either eqn. 2 or 4. As discussed by Kellner and Bell (100), the equilibrium constants for the stepwise hydrogenation of surface carbon to CH 3 species.are favored when D2 rather than H2 is used, but the equilibrium constant for D2 adsorption is smaller than that for H2 adsorption at reaction temperature. By contrast, rate coefficients for processes involving the addition of hydrogen are expected to be larger in the presence of H2 than D 2 • In view of these considerations and the form of eqns. 2 and 4, it is seen that the equilibrium and kinetics isotope effects counteract each other. The existence of a strong inverse isotope effect over alumina-supported ruthenium indicates that the equilibrium component of the overall effect·is dominant. However, for the silicasupported catalyst the balance between equilibrium and kinetic isotope effects is more nearly equal and hence the overall effect is smaller.
Rate expressions for the synthesis of hydrocarbons containing two or more carbon atoms can also be derived from the proposed mechanism (l02).
If it is assumed that the probability of chain propagation, a, is "(~ independent of chain length, on, then the rate of formation of hydrocarbons containing n atoms can be expressed as 23. (7) = (k 8 + k 8 u )a n - Substitution of eqn. 10 and the expression given in eqn. 11 for the rate of methane formation into eqn. 9 (11) leads to a statement for the rate of synthesis of hydrocarbons containing n atoms.
From a comparison of eqn. 7 and eqn. 12 it may be concluded further that the ratio ole fins to paraffins can be expressed as (13) The dependence of the propagation probability, a, on the partial
The d~fining expression for (14) By introduction of the appropriate expressions for 8 cu2
, e U ' and 8 v ' it can be demonstrated (101) that eqn. 14 can be rewritten as (n-l) should be linear with a slope of log a. 
2S.
taken at higher pressures (e.g., 10 atm) are less sensitive to changes in temperature and H2/CO ratio than for data taken at 1 atm.
A test of the expression for the olefin to paraffin ratio eqn. 13"
is shown in Fig. 9 . The data plotted in this figure were taken at 22SoC, pressures between 1 and 10 atm, and H 2 /CO ratios of 3 .to 1. As may be seen, the olefin to paraffin ratios for C 2 through C a is found to be a function of n. This is seen both in Fig. 14 and even more clearly in Table III . The implication of this observation is that the ratio of the termination rate coefficients depends on the number of carbon atoms in the alkyl group.
CONCLUDING REMARKS
In the field of catalysis it is well recognized that it is extremely difficult to demonstrate the predominance of a single reaction mechanism to the exclusion of all other alternatives, and as a result, mechanistic discussions rarely lead to a definitive identification of a , particular reaction pathway. From this perspective, we must conclude that the discussion presented here does not constitute a proof of the mechanism of hydrocarbon synthesis proposed in Fig. 10 A schematic illustration of reactive scavenging of surface intermediates.
A proposed mechanism for hydrocarbon synthesis from CO and H2 over g~oup VIII metals.
Possible reaction sequences leading to the formation of oxygenated products. . .. ,~.
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